Adrenomedullin is a potent vasorelaxant/hypotensive peptide recently isolated from human pheochromocytoma. We demonstrate here a novel role of this peptide as an apoptosis survival factor for rat endothelial cells. When rendered quiescent by serum deprivation, a fraction of endothelial cell cultures showed morphological and biochemical features characteristic of apoptosis. Adrenomedullin significantly suppressed apoptosis without inducing cell proliferation. Rat endothelial cells that contained high affinity binding sites for adrenomedullin expressed adrenomedullin gene and released the peptide into culture media. Addition of preimmune rabbit serum prevented apoptosis, whereas rabbit antiadrenomedullin antiserum partially, but significantly, abrogated the protective effect of the preimmune serum, suggesting its autocrine/paracrine role. Although adrenomedullin induced intracellular cAMP formation, other cAMPelevating agonists, such as prostaglandin I 2 and forskolin, did not affect apoptosis. Furthermore, adenosine 3Ј,5Ј-cyclicmonophosphothioate Rp-isomer, a cAMP antagonist, did not block the cell survival effect of adrenomedullin. Adrenomedullin neither increased intracellular Ca 2ϩ concentrations nor inositol-1,4,5-trisphosphate levels in rat endothelial cells. These results demonstrate that adrenomedullin suppresses serum deprivation-induced apoptosis of rat endothelial cells via cAMP-independent mechanism. (Endocrinology 138: [2615][2616][2617][2618][2619][2620] 1997) A POPTOSIS, a genetically controlled response to eliminate unwanted cells, is involved in the regulation of cell number in several physiological and pathological conditions. Apoptosis is associated with distinctive morphological and biological events, such as cellular shrinkage, membrane blebbing, and chromatin condensation and fragmentation (1). Diverse stimuli, such as serum deprivation, radiation, chemotherapeutic agents, and antioxidants, induce apoptosis in many cell types (2-5), whereas growth factors and cytokines are known to modulate apoptosis triggered by such environmental signals (6 -11). Several gene products have been characterized to activate or suppress genetic program of apoptosis (12). Although endothelial cells have been demonstrated to undergo apoptosis (13-15), its regulation in normal cellular physiology as well as in pathophysiological conditions remains largely unknown.
A POPTOSIS, a genetically controlled response to eliminate unwanted cells, is involved in the regulation of cell number in several physiological and pathological conditions. Apoptosis is associated with distinctive morphological and biological events, such as cellular shrinkage, membrane blebbing, and chromatin condensation and fragmentation (1) . Diverse stimuli, such as serum deprivation, radiation, chemotherapeutic agents, and antioxidants, induce apoptosis in many cell types (2) (3) (4) (5) , whereas growth factors and cytokines are known to modulate apoptosis triggered by such environmental signals (6 -11) . Several gene products have been characterized to activate or suppress genetic program of apoptosis (12) . Although endothelial cells have been demonstrated to undergo apoptosis (13) (14) (15) , its regulation in normal cellular physiology as well as in pathophysiological conditions remains largely unknown.
Adrenomedullin, a potent vasorelaxant/hypotensive peptide with 52 amino acid residues, was recently isolated from human pheochromocytoma by monitoring its activity to induce cAMP formation in platelets (16) . Adrenomedullin has a conserved structure among mammals such as rat (17) and shows a partial homology with calcitonin gene-related peptide (16) . Intravenous bolus injection of adrenomedullin causes a potent and long-lasting hypotensive effect in anesthetized rats in vivo (18) . Recently, it has been reported that adrenomedullin messenger RNA (mRNA) is expressed not only in adrenal glands, but in a variety of tissues, including vascular smooth muscle cells (19) and endothelial cells (20) of various species. Furthermore, it has been shown that adrenomedullin receptor is functionally coupled to adenylate cyclase in vascular smooth muscle cells (21) . A recent preliminary report suggests that adrenomedullin suppresses mitogenesis in rat mesangial cells (22) . Although the above results suggest an autocrine/paracrine role for adrenomedullin not only to regulate vascular tonus, but also cell growth, its role as an apoptosis modulator has not been described to date.
Here we have studied the effect of adrenomedullin on apoptosis in cultured rat endothelial cells. Our data indicate that adrenomedullin acts on endothelial cells to protect them from apoptotic death in an autocrine/paracrine manner, and that the antiapoptotic action appears to be mediated by mechanism(s) not involving adenylate cyclase.
Materials and Methods

Cell culture
Rat endothelial cells were prepared from 15-week-old male Wistar rat aorta by collagenase and elastase digestion, as described (23) . The endothelial origin of the cultures was confirmed by the presence of Factor VIII by immunohistochemical detection. All cells (8 -13th passages) were cultured in DMEM in a 5% CO 2 atmosphere at 37 C, supplemented with 10% FBS.
Mannheim Biochemicals (Bremen, Germany). All other reagents were of analytical grade.
Quantitative determination of apoptosis
Rat endothelial cells were plated in 24-well dishes in serum-containing medium at a density of 1.5 ϫ 10 4 cells per well and incubated for 24 h. The wells were extensively washed with PBS, and the medium was changed to serum-free DMEM containing adrenomedullin, PGI 2 , or forskolin as indicated in the text. Control cultures received serum-free DMEM with no additives. After 24 h, all floating cells were collected with two PBS washes. The number and size distribution of the floating cells were determined with a Coulter Counter model ZM (Coulter Electronics, Hialeah). To demonstrate nucleosome laddering, apoptotic DNA fragments were extracted with NP-40 lysis method that eliminates intact chromatin (24) , and fractionated on 1.6% agarose gels.
Immunohistochemical staining using IgG specific for singlestranded DNA
Rat endothelial cells were cultured, serum-deprived for 8 h, and stained with polyclonal antibody raised against single-stranded DNA (25, 26) and/or with hematoxylin. Immunohistochemical staining was carried out using an avidin-biotin-peroxidase (ABC) kit (Vector Laboratories, Burlingame, CA). In brief, cells grown on coverslips were washed with PBS and then fixed for 15 min in ice-cold 70% acetone. After fixation, the cells were sequentially exposed to normal goat serum (1:60 dilution) for 20 min, IgG specific for single-stranded DNA (dilution 1:500) for 16 h, and biotinylated goat antirabbit IgG (dilution 1:400) for 30 min. The cells were then incubated for 60 min in ABC solution prepared by adding avidin DH and biotinylated peroxidase to dilution buffer. Peroxidase activity was visualized by incubation with 3-3Ј-diaminobenzidine tetrahydrochloride and 0.03% H 2 O 2 in 0.1 m Tris-HCl (pH 7.6). The stained specimens were dehydrated with ethanol and xylene and mounted under glass coverslips with HSR mounting solution.
Iodination of rat adrenomedullin
Radiolabeled rat adrenomedullin was prepared by the lactoperoxidase method (21) and purified by a reverse-phase HPLC using an octadecylsilica column (0.46 ϫ 25 cm, Tosoh, Tokyo, Japan) eluted with a linear gradient (10 -60%) of acetonitrile in 0.1% trifluoroacetic acid (TFA) for 1 h (flow rate: 1 ml/min). Monoiodinated [
125 I]-rat adrenomedullin (specific activity: 7.4 ϫ 10 7 mBq/mmol) was used for RIA and the binding experiments.
RIA of adrenomedullin
Rat adrenomedullin-like immunoreactivity (LI) was determined by the double antibody RIA, essentially in the same manner as recently reported for human adrenomedullin (27) . Culture media were acidified with 0.1% TFA, centrifuged, and the supernatant applied to the preactivated Sep Pak C 18 cartridge (Waters Associates, MA), which was then eluted with 70% acetonitrile/0.1% TFA. The eluates were evaporated, reconstituted, and subjected to RIA. The antibody used recognizes the C-terminal region (22-50) of rat adrenomedullin and does not cross-react with other polypeptide hormones; the final dilution of antiserum was 1:6000. The sensitivity was 10 fmol/tube and 50% intercept was 60 fmol/tube. The intra-and interassay variations were less than 10%.
Binding experiments
Confluent cells (10 6 cells/well) were washed with PBS and incubated with [
125 I]-rat adrenomedullin (5.9 ϫ 10 Ϫ15 mol) for 4 h at 4 C in 0.5 ml DMEM in the absence and presence of unlabeled rat adrenomedullin, as reported (21) . After completion, cells were extensively washed with HBSS, solubilized in 0.5 n NaOH, and the cell-bound radioactivity was determined. Specific binding was obtained by subtracting nonspecific binding in the presence of excess (10 Ϫ6 m) unlabeled rat adrenomedullin from total binding.
Northern hybridization analysis
RNA was extracted from rat endothelial cells by the guanidinium thiocyanate method, as described (28) . Total RNA (20 g per lane) was electrophoresed on formaldehyde-agarose gels. Blotting was onto MagnaGraph nylon membranes (Micron Separations, Inc.). Complementary DNA (cDNA) probes for rat adrenomedullin gene were labeled with ␣-[
32 P]-dCTP using the random-priming method. After UV cross-linking, membranes were hybridized at 42 C in the presence of 50% formamide. Washing was with 0.1 ϫ SSPE and 0.5% SDS at 37 C for 15 min, and signals were quantitated using a BAS2000 Imaging Analyzer (Fuji Photo Film, Inc.).
Determination of DNA synthesis
Subconfluent cells in 24-well plates (10 6 cells per well) were serumdeprived for 24 h, incubated with or without rat adrenomedullin for 24 h, and further incubated for 4 h with 0.5 Ci of [ 3 H]-thymidine (Amersham International, Inc., Tokyo, Japan). At the end of the labeling period, cultures were rinsed twice with ice-cold PBS and incubated with 5% trichloroacetic acid on ice for 20 min. After washing twice with ice-cold 5% trichloroacetic acid, the cells were solubilized in 0.5 n NaOH, and the radioactivity was determined with a liquid scintillation counter.
Determination of growth rates
Subconfluent cultures were seeded at an approximate density of 500 cells/cm 2 in 24-well plates, grown in 10% FBS for 24 h, replaced with DMEM containing 0.25% FBS for 24 h, and further incubated with and without rat adrenomedullin. Starvation with 0.25% FBS for 24 h minimized apoptotic death: less than 1/10 cell death compared with that of serum starvation. All adherent cells were trypsinized and cell number was counted.
Determination of cAMP
Confluent cells were incubated at 37 C for 10 min in 0.2 ml DMEM containing 0.5 mm IBMX in the absence and presence of rat adrenomedullin, PGI 2 and forskolin as reported (21) . Incubation was terminated by the addition of HCl, and intracellular cAMP was measured by a RIA kit (Yamasa, Chiba, Japan).
Measurement of inositol 1,4,5-trisphosphate (Ins-1, 4, 5-P 3 )
Confluent cells were incubated with or without 10 Ϫ6 m rat adrenomedullin in 2 ml HBSS, pH 7.4, containing 10 mm LiCl at 37 C for 30 sec as reported (23) . Incubation was terminated by the addition of trichloroacetic acid, and Ins-1,4,5-P 3 was measured using a protein binding assay kit (Amersham International).
Measurements of intracellular free calcium concentration, [Ca 2ϩ ] i
Confluent cultures that had been serum-deprived for 24 h were dispersed with 0.05% trypsin and 0.02% EDTA, and incubated with 5 m fura-2 acetoxymethylester (Dojin Chemical Inc., Kumamoto, Japan) at 37 C for 20 min in HBSS. Fluorescence of fura-2 loaded suspended cells (5 ϫ 10 6 cells/ml) was measured at 37 C using continuous rapid alternating excitation from dual monochromators (340 and 380 nm), and emission at 505 nm (CAF-100, Japan Spectroscopic Co. Ltd., Tokyo, Japan) as reported (28) .
Results
Suppression of apoptosis by adrenomedullin
Cultured human endothelial cells have been demonstrated to undergo apoptosis when detached from culture plates (29) . We confirmed that rat endothelial cells underwent apoptosis upon deprivation of growth factors. When medium was deprived of serum, rat endothelial cell cultures always contained a fraction of floating cells; almost all floating and many adherent endothelial cells showed morphological features characteristic of apoptosis, such as membrane blebbing, cellular shrinkage, nuclear condensation, and fragmentation. Electrophoresis of DNA samples from total culture obtained with NP-40 lysis method showed a nucleosomal ladder (Fig. 1A, left panel) . Many adherent cultured cells also showed nuclear and cellular fragments when deprived of serum. When the cells were stained with antibody against single-stranded DNA and with hematoxylin, immunohistochemically positive cells coincided very well with those showing cellular and nuclear fragments (Fig. 1B, upper panel) . Addition of adrenomedullin (10 Ϫ8 m) markedly suppressed apoptotic cell death of both total culture (Fig. 1A, right panel) and of adherent culture (Fig. 1B, lower panel) . The onset of apoptosis was rapid and significant number of cells (approximately 4%) started to float as early as 1 h after serumdeprivation, which increased markedly (40%) after 24 h: the addition of adrenomedullin (10 Ϫ7 m) prevented the apoptosis even 1 h after serum deprivation, which persisted during 24 h (Fig. 2A) . Adrenomedullin dose dependently (10 Ϫ10 -10 Ϫ6 m) suppressed rat endothelial cell apoptosis induced after 24-h serum deprivation (Fig. 2B) ; the minimum inhibitory effect was induced with 10 Ϫ10 m and 50% inhibition was induced with 10 Ϫ6 m. 
FIG. 2. Adrenomedullin suppresses apoptosis in endothelial cells. A,
Time course of endothelial cell death after serum deprivation in the absence (E) and presence (F) of adrenomedullin (10 Ϫ7 M). B, Doseresponse effect of adrenomedullin on rat endothelial cell death. Exponentially growing cells were changed into serum-free medium, and all floating cells after 24 h were counted with a Coulter Counter. Each point and bar represents mean Ϯ SEM (n ϭ 6); values were normalized to the total number of floating dead cells 24 h after serum deprivation in the absence of adrenomedullin, which was set at 100%. *, P Ͻ 0.05, **, P Ͻ 0.01, treated cells vs. nontreated cells.
Expression and release of adrenomedullin
Serial dilution curves generated by extracted conditioned media from rat endothelial cells were parallel to that of synthetic rat adrenomedullin in RIA (data not shown). Under serum-free conditions, adrenomedullin-LI was released as a function of time and reached a plateau after 24 h (24.3 Ϯ .0.8 fmol/5 ϫ 10 6 cells, mean Ϯ sem, n ϭ 6). Addition of normal rabbit serum increased adrenomedullin-LI in concentrationdependent fashion: 27.2 Ϯ 1.9 fmol/5 ϫ 10 6 cells (0.1%); 35.1 Ϯ 1.8 fmol/5 ϫ 10 6 cells (1%); 39.9 Ϯ 1.0 fmol/5 ϫ 10 6 cells (5%). Northern hybridization of total RNA from quiescent cultures with rat adrenomedullin cDNA as a probe demonstrated a distinct band (1.6 kb) corresponding to the size of rat adrenomedullin mRNA (Fig. 3A) .
Binding experiments
An equilibrium binding of [ 125 I]-rat adrenomedullin to cultured rat endothelial cells at 4 C was attained after 4 h incubation. Specific binding of [
125 I]-rat adrenomedullin was 63.6 Ϯ 0.8% of total binding. Unlabeled rat adrenomedullin competitively displaced [
125 I]-rat adrenomedullin from its binding sites (Fig. 3B) . Scatchard analysis revealed the presence of a single class of binding sites for adrenomedullin: an apparent dissociation constant (K d ) was 7.7 ϫ 10 Ϫ8 m and a maximal binding capacity (B max ) was 4.8 ϫ 10 5 sites/cell (Fig.  3B, inset) .
Cell proliferation
We examined whether adrenomedullin has any effect on endothelial cell proliferation. Adrenomedullin (10 
Effect of antiadrenomedullin antibody on apoptosis
Because rat endothelial cells synthesize and secrete adrenomedullin into culture media, and express adrenomedullin receptors, we reasoned that the cells could influence their own apoptotic death in an autocrine/paracrine fashion. To address this question, the effect of polyclonal antiadrenomedullin antibody on apoptosis was examined (Fig. 4) . After 24-h serum deprivation of growing rat endothelial cells, approximately 40% of cells underwent apoptosis. Addition of nonimmune rabbit serum to serum-deprived rat endothelial cells suppressed apoptosis in a concentration-dependent manner: serum at dilution of 1:100 (1%) markedly (ϳ70%) prevented apoptosis. In contrast, addition of rabbit antiadrenomedullin antiserum at the same dilution partially but significantly (P Ͻ 0.01) abrogated the apoptosis protective effect by the normal serum. 4 . Effects of antiadrenomedullin antiserum and preimmune serum on apoptosis of endothelial cells. Apoptosis assays with exponentially growing rat endothelial cell cultures were performed as described in Fig. 2 . During the 24-h serum deprivation period, cells were exposed to either rabbit nonimmune serum (f) or antiadrenomedullin antiserum (Ⅺ) at the indicated dilutions. Each column with bar represents mean Ϯ SEM (n ϭ 6); values were normalized to the total number of floating dead cells in the absence of adrenomedullin, which was set at 100%. **, P Ͻ 0.01, nonimmune serum vs. adrenomedullin antiserum values.
Effect of adrenomedullin on intracellular cAMP accumulation, Ins-1,4,5-P 3 level, and [Ca 2ϩ ] i
Rat adrenomedullin dose dependently (10 Ϫ8 -10 Ϫ6 m) stimulated intracellular cAMP generation (Fig. 5A) . cAMP-elevating agonists, such as PGI 2 (10 Ϫ8 -10 Ϫ5 m) and forskolin (10 Ϫ7 -10 Ϫ5 m), significantly and dose dependently stimulated intracellular cAMP generation (Fig. 5A) . Adrenomedullin (10 Ϫ6 m) neither induced transient increase in [Ca 2ϩ ] i nor intracellular Ins-1,4,5-P 3 levels in rat endothelial cells (data not shown).
Effect of cAMP-elevating agonists on apoptosis
Because adrenomedullin was originally isolated with its potency to induce intracellular cAMP production, we tested whether protective effect of adrenomedullin from apoptosis is mediated by cAMP. Neither PGI 2 (10 Ϫ6 m) nor forskolin (10 Ϫ5 m), which generate comparable cAMP levels induced by adrenomedullin (10 Ϫ6 m) (Fig. 5A) , showed any protective effect on apoptosis (Fig. 5B) . Rp-cAMPS (10 Ϫ3 m), a cAMP antagonist, did not antagonize the cell survival effect induced by adrenomedullin. Taken together, the results demonstrate that the antiapoptosis effect of adrenomedullin is distinct from its ability to induce cAMP generation.
Discussion
We demonstrate here that a novel vasoactive peptide, adrenomedullin, markedly inhibited serum-deprivation-induced apoptosis of rat endothelial cells. Apoptosis of endothelial cells after serum deprivation was supported by two lines of evidence. First, floating dead cells had morphological and biochemical features characteristic of apoptosis, such as membrane blebbing, cellular shrinkage, nuclear condensation and fragmentation, and nucleosomal laddering on agarose gel electrophoresis. Second, adherent cells were stained positively with anti-single-stranded DNA antiserum after serum deprivation.
Adrenomedullin prevented apoptosis as early as 1 h after serum deprivation, whose effect was time-dependent during 24-h incubation period. Furthermore, the protective effect of adrenomedullin on serum-deprived apoptosis was concentration-dependent. The minimum effective concentration to induce apoptotic protection by adrenomedullin (10 Ϫ10 m) is almost comparable with that (ϳ3 ϫ 10 Ϫ11 m) secreted into cultured media by endothelial cells. These levels are also far lower than those reported with other growth factors and cytokines to block apoptosis in fibroblasts (9) , or in human endothelial cells (14) .
Our findings also suggest that rat endothelial cells not only express adrenomedullin gene and release the peptide, but contain receptors for adrenomedullin. However, there appears to be discrepancy between the low-affinity of the receptor (K d , 7.7 ϫ 10 Ϫ8 m) as estimated from Scatchard analysis of the binding study and the low concentration of adrenomedullin secreted into media (ϳ3 ϫ 10 Ϫ11 m) as determined by RIA. This may be accounted for by the underestimation of the accurate values because endogenous adrenomedullin constitutively secreted from endothelial cells may readily bind to its receptors in an autocrine/paracrine fashion and subsequently be degraded, thereby masking the high affinity binding sites and decreasing its concentration detected in media.
To address the question whether adrenomedullin molecule released from the cells control their own apoptotic cell death, neutralization experiments using polyclonal antiadrenomedullin antibody were performed. Control rabbit serum markedly (70%) suppressed apoptosis, whereas rabbit antiadrenomedullin antiserum partially but significantly abrogated the apoptotic protective effect by the control serum at the same dilution (1:100). The difference (40%) between the apoptosis protective effects by the preimmune serum and the antiserum may be most likely due to endogenous adrenomedullin constitutively secreted. However, the remaining serum-induced protective effect (30%) not reversed by the antiadrenomedullin antiserum may be due to factors derived from serum and/or endothelial cells other than adrenomedullin. Taken together, our data are consistent with the notion that adrenomedullin produced by and released from the cells could act on themselves to block apoptosis, thus functioning as self-protection by an autocrine/paracrine mechanism.
Because adrenomedullin stimulates cAMP formation in platelets and vascular smooth muscle cells, cAMP has been suggested as a second messenger for its vasorelaxation. The present study shows that adrenomedullin also induces cAMP generation in rat endothelial cells. However, cAMPelevating agonists (PGI 2 and forskolin) induced cAMP levels comparable to those by adrenomedullin, but did not inhibit apoptosis. Moreover, cAMP antagonist (Rp-cAMPS) did not antagonize the antiapoptosis effect by adrenomedullin. These findings support the view that the antiapoptotic action of adrenomedullin does not appear to involve cAMP-dependent mechanism. The precise mechanisms of apoptosis protection by adrenomedullin observed in the present study remain unknown. It has been reported that apoptosis of vascular endothelial cells is prevented by basic fibroblast growth factor and dexamethasone (14, 15) but aggravated by tumor necrosis factor-␣ (13) and transforming growth factor-␤ (30). Possible involvement of protein kinase C has been suggested in the mediation of basic fibroblast growth factor's protection of endothelial cells against apoptosis induced by serum starvation and radiation (15, 31) . Adrenomedullin has recently been reported to induce Ca 2ϩ mobilization from intracellular storage sites in bovine endothelial cells (32) . However, our cultured rat endothelial cells showed neither transient rise of [Ca 2ϩ ] i , nor increase in Ins-1,4,5-P 3 formation in response to adrenomedullin. Therefore, neither protein kinase C nor intracellular Ca 2ϩ appear to be involved in the mechanism of adrenomedullin-induced protection from apoptosis in rat endothelial cells. Inhibition of anchorage-dependent cell spreading and acquisition of round shape have been demonstrated to trigger apoptosis in human endothelial cells (29) . However, the present study revealed that rat endothelial cells that remained flattened shape and firmly attached to culture plates, exhibited distinct morphological and biochemical evidence of apoptosis, thus arguing against the involvement of the inhibition of anchorage-dependent cell spreading.
In summary, we have shown a hitherto undescribed role of a novel hypotensive peptide, adrenomedullin, as an apoptosis survival factor for endothelial cells in an autocrine/ paracrine manner. The antiapoptotic action of adrenomedullin does not appear to be mediated via cAMP, protein kinase C or intracellular Ca 2ϩ . The physiological significance of adrenomedullin as an apoptosis survival factor for endothelial cells as well as its intracellular signal(s) remains to be determined.
